Microreactors attract a significant interest for chemical synthesis due to benefits of small scales such as high surface to volume ratio, rapid thermal ramping and well-understood laminar flows. The suitability of atomic layer deposition for applying of both the catalyst nanoparticles and the support material on the 
Introduction
Catalysts are used in the majority of industrial chemical processes. Demand for sustainable operation requires efficient use of noble metal catalysts and waste minimization. There is still room for improvement even in well-established processes such as hydrogenation in terms of catalytic activity, selectivity and stability. [1, 2] Small dimensions have been shown to result in the enhanced properties which might promote better catalytic activity. [3, 4] Microreactors have attracted interest for chemical synthesis due to the benefits that small dimensions bring in terms of heat and mass transport, hydrodynamics, low reactant consumption and safety of operation. [5, 6] Development of flow chemistry and stable catalysts would enable microreactors to be operated continuously. The production could be scaled-up by numbering up the microreactors instead of scaling up the batch volumes, which enables optimization of process parameters already at the laboratory scale. [5] Silicon microfabrication techniques allow easy fabrication of microfluidic channels and could be used to fabricate the microreactors as they are well-established and suitable for mass production.
In wall-coated microreactors, catalyst is deposited on the walls of the microchannels. This reduces the active surface area of the catalyst compared to packed microchannels, but eases the flow through the channels. An intermediate alternative could be a semipacked microreactor with e.g. lithographically defined pillars. Efficient mass transport in small channels enables, however, high yields even with wallcoated catalysts.
Atomic layer deposition (ALD) has been used to create various supports, catalysts and overcoats for heterogeneous catalysis. [7] It is based on self-limiting surface reactions from sequential precursor pulses of two or more different precursors that are separated from each other typically by inert gas purging. [8, 9] Advantage of ALD is the ability to deposit controllably very thin conformal layers stemming from the selflimiting surface reactions and separation of precursor pulses. [10] In addition to depositing layered materials, ALD can be used to deposit metal nanoparticles such as Pt on oxide surfaces by exploiting distinctive nucleation behavior. Metal ALD initiates as nanoparticles on oxide surfaces, because metals do not wet the oxide surface due to large difference in surface energies, and forms a continuous layer only once the nanoparticles coalesce. [11, 12] Main focus in applying ALD to catalysis has been to coat high-surface area materials such as carbon black [13, 14] and various other powders. [15] [16] [17] However, it is difficult to achieve true growth saturation during a deposition cycle due to long pulse and purge times required with highsurface area materials, and thus the accuracy and control of nanoscale catalyst design is compromised. In addition, all of the methods developed for catalyst design by ALD are not applicable to powders, such as 3 plasma-enhanced atomic layer deposition (PEALD). On the other hand, they can be applied to deposit catalysts on the channel walls.
Deposition of catalyst material directly into a microreactor by ALD was demonstrated by Karinen et al. [18] by depositing ALD chromia catalyst to alumina support. However, ALD, so far, has not been applied to deposit metallic catalyst nanoparticles directly into microreactors. In this work, we fabricate wall-coated silicon microreactors where both TiO 2 catalyst support and Pt catalyst nanoparticles are deposited by ALD.
We use these microreactors in hydrogenation of propene to propane at low (close to room) temperatures.
Microfluidic processes are traditionally monitored either by optical, [19, 20] electrochemical [21] or mass spectrometry [22] methods. Among these, optical and electrochemical methods are the most frequently used due to their high sensitivity. [23, 24] Nuclear Magnetic Resonance (NMR) spectroscopy is another powerful method to characterize microfluidic devices. [25, 26] It is a non-invasive method to obtain versatile spatial, spectral and dynamic information from a microfluidic device without the need for optical transparency or additional tracer molecules. The weak spot of NMR is its low sensitivity, being emphasized in the microfluidic devices with small channels and low filling factors. The sensitivity problem is especially difficult when low density gaseous fluids are investigated. However, the sensitivity can be improved by several orders of magnitude using ultrasensitive miniaturized coil designs, such as microsolenoids, [27] planar surface coils or microcoils, [28] [29] [30] [31] [32] microstriplines and microslots, [33] [34] [35] or by increasing nuclear spin polarization degree exploiting hyperpolarization methods, such as spin-exchange optical pumping (SEOP) or parahydrogen-induced polarization (PHIP) techniques. [36] [37] [38] [39] [40] [41] [42] In this work, the yield of the hydrogenation reaction in the microfluidic chips was determined from 1 H NMR spectra measured by an ultrasensitive microsolenoid wound around an outlet capillary, while the gas mixture was flowing out from the reactor. Furthermore, Remote Detection (RD) NMR [43, 44] was utilized for visualization of the gas flow in the reactors. In RD NMR imaging, the spatial information is encoded in spin coherences by a large radio frequency (RF) coil surrounding the microfluidic reactor and the detection is performed with the ultrasensitive microsolenoid around the outlet tubing (see Figure 1) . RD has been shown to provide an 800-fold sensitivity boost as compared to a corresponding experiment carried out by the large coil around the reactor. [45] The method provides also time-of-flight (TOF) information as the travel time from the encoding region to the detector depends on the initial spatial position of the encoded molecule. Therefore, RD NMR is an ideal tool for TOF flow imaging in microfluidic devices. [36, 46, 47] Recently, we have demonstrated that the high sensitivity of RD NMR can also be exploited in imaging of gas phase 4 chemical reactions inside microfluidic devices. [39, 45, 48] Now the state-of-the-art NMR techniques are exploited in the characterization of novel, efficient, ALD coated microreactors. 
Results and discussion
Microreactor fabrication ALD processes are affected by the starting surface. Silicon surface is homogeneous and well-known, while the main alternative material for microreactors, steel, is not. This is why silicon is easier substrate than steel to work with when depositing catalysts by ALD. Microfabrication techniques are well-established by semiconductor industry and channel dimensions on silicon can be fabricated with few micrometer tolerances using photolithography and DRIE etching.
Channel depth was 100 µm for all microreactor chips studied in this work, except for PirSi 50c chips that were fabricated in a separate batch. The channel depth for these chips was 60 µm due to an unknown variation in etch rate in our cryogenic ICP-RIE.
Our novel capping method utilizing laminating foil allowed gas tight capping of the microreactors with inert film. The biggest advantage of this is that this capping method can be applied regardless of what is the opposite interface material and it is also insensitive to minor surface roughness. This allows easy fabrication of catalytic microreactors for low temperature experiments. The temperature tolerance can be increased slightly by using more temperature tolerant polymers. Table 1 . The particles have already started to coalesce on the surface of the sample with 80 cycles. Some coalescence was observed also for Piranha treated sample with 50 cycles of Pt deposited. The apparent particle size on SEM images is slightly larger than from TEM images due to resolution limit of SEM. Particle size distributions ( Figure 3) show widening of the distribution with increasing number of ALD cycles. This means that new particles are formed continuously on the substrate surface. Widening of the particle size distribution has been observed also for thermal Pt processes using O 2 at 300 °C. [11] Narrow particle size distributions with controlled size are desired for catalysis purposes since catalytic activity can depend on the particle size. [1] To deposit catalyst particles with narrow particle size distribution, new means to avoid nucleation of new particles after first few cycles need to be developed. Recently, some novel methods to achieve this goal have been presented by Lu et al. [49] and Weber et al. [12, 50] based on selective deposition on pre-existing nanoparticles and by Mackus et al. [11] based on low temperature three-step plasma process. Lateral growth rate of Pt nanoparticles on TiO 2 was 0.09±0.04 nm/cycle based on the calculated average particle sizes. Our growth rate is twice as high as the rate observed by Mackus et al. [11] on ALD Al 2 O 3 using thermal process with O 2 at 300 °C or O 2 -plasma/H 2 -plasma ABC process at room temperature. Comparing SEM images from Baker et al. [51] for Pt nucleation using O 2 -plasma on ALD Al 2 O 3 with results from
Pt nanoparticle catalyst characterization
Mackus et al., [11] the nucleation using O 2 -plasma appears to be faster.
Particle sizes on the TEM grids are assumed to correspond to the particle size on the microreactors as both are deposited on top of ALD TiO 2 even though TiO 2 on top of TEM grids is only partly crystallized whereas 50 nm of TiO 2 on surface of microreactors is expected to be fully crystalline. Assuming that the particles are hemispherical, active Pt surface area is twice the surface coverage of Pt on TEM or SEM images. Table 2 shows the active catalyst surface area in the microreactors. The surface area on PirSi 50c
20mm sample is an overestimate as most of the particles have already coalesced to form elongated Pt islands.
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The amount of Pt deposited during one ALD cycle is dependent on the amount of MeCpPtMe 3 adsorbed on substrate surface. Initial adsorption occurs on hydroxyl groups [16] and is limited either by the number of available hydroxyl groups or by the steric hindrance of already adsorbed precursor molecules. Piranha treatment oxidizes silicon surface and leaves it hydroxyl terminated. Significantly lower 
NMR characterization
In order to investigate mass transport in the reactors, we measured 2D yz-encoded RD TOF NMR (see pulse sequence in Figure S3 ) images of flow of pure propene through a chip with 20 mm channel length.
The images shown in Figure 5 reveal the initial position of the spins, which arrive to the detector at a certain time after the spatial encoding. Consequently, the spins at the exit (bottom) of the reactor are observed first and those at the entrance (top) last. The arrow-like shape of the images arises from the fact that the flow path through the outermost channels is longer than through the center channels. The arrow becomes slightly elongated at longer TOF instances, implying that the flow velocity is slightly smaller in the outermost channels than in the center. Small dispersion and regular shape of the pattern in the images indicate that the flow was similar in different channels, and variation in the channel dimensions was small.
According to the TOF images, the travel time of the gas through the chip, which is equal to the contact time of gas with the catalyst, was about 1100 ms, while in the 10 mm reactor (TOF images not shown) it was about 550 ms. The flow velocity was the same in both reactors, 1.8 cm s 
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The resulting propane yields are shown in Table 2 and Figure 7 . The reaction yield increases with increasing number of ALD cycles and channel length. At room temperature, the chip with 10 mm channels and 5 ALD cycles did not show any reaction product, but the yield for the chip with 20 mm channels and 40 ALD cycles was high, about 90 %. At 50 °C, the yield of 10 and 20 cycles chips was roughly double as compared to the room temperature experiments, and the chips with 20 mm channel length and 20 or 40 ALD cycles resulted in 100 % conversion. The reaction yields could be converted into reaction rate based on the first order kinetics (see Table 2 for results and Supporting Information for methods). The reaction rate, in turn, was converted into the activity of Pt surface (see Eq. 13 in Supporting Information). The activity was the highest for the 20 ALD cycles chips, 10.7-16.5 mmol s yield at 21 °C. The reasons for this are not very well understood, but probably concern the influence of the support nature as experimental conditions were quite similar for these chips. [52] On the other hand, PirSi 50c chip showed 46 % yield at 21 °C and 100 % yield at 50 °C, likely due to the much higher surface 11 coverage (46 vs. 5.1 %, Table 1 and Figure 7b ). The results of the PirSi 50c chip and TiO 2 chips shown in Table 2 and Figure 7 are not, however, fully comparable because of the smaller channel depth in the former chips (see Microreactor fabrication section) and slightly different experimental conditions (propene:H 2 ratio was higher, 2:3, total gas pressure was higher, 7.5 bar, gas residence time in the reactor was smaller, 650 ms).
For comparison, in our previous study we investigated propene hydrogenation in a corresponding chip with sputtered Pt surface. [45] The reaction yield for the chip with 20 mm channel length was 28 % at room temperature and 22 % for the chip with 10 mm channels at 50 °C which are much lower values than for the Pt nanoparticle chips. The conditions in the experiments were not, however, exactly identical. The channel depth in the sputtered chips was 50 µm vs. 100 µm for the ALD nanoparticle chips. However, the sputtered catalyst was covering all four sides of the channels whereas in this study it covers only three sides. In addition, the travel (contact) time of gas through the sputtered chips was halved (Table 2) .
Nevertheless, the comparison of specific activities of Pt surface for the ALD nanoparticle and the sputtered chips show that in the latter case the activity is lower, which is also demonstrating the advantage of nanoparticles ( Table 2) . We note, however, that the detailed understanding of such difference is out of scope of this publication and will be addressed in our future studies.
Reaction yield for the chip with 20 mm channel length and 40 ALD cycles was monitored for four hours at 50 °C, while the reaction gas mixture was continuously flowing through the chip. During the course of the experiment, the yield decreased from 100 % to 50 % (Figure 6b ). After an extended period, however, the reactor was completely deactivated. In batch type reactors, Pt nanoparticle catalysts have been shown to deactivate already in less than an hour. [53, 54] Deactivation is likely due to the poisoning of catalyst surface by carbonaceous species as has been observed for other hydrocarbon hydrogenation reactions on different metal catalysts. [55, 56] The catalyst activity for the samples with TiO 2 supports could not be regenerated by flushing with hydrogen at 50 C, which was enough to recover catalyst activity on Piranha treated chips and on sputtered Pt film used in the previous study. The similarity of sputtered Pt and Piranha treated microreactors is, very likely, because in both cases we dealt with high surface coverage of Pt. Unfortunately, the laminate capping did not allow treatment at higher temperatures, which could be a possible solution for ALD nanoparticle microreactors to reactivate Pt. Therefore, the possibility to reactivate the 50 cycles Piranha treated chip is a significant advantage over TiO 2 chips.
We also tested the propene hydrogenation with parahydrogen-enriched H 2 . The enrichment was achieved by flowing high-purity hydrogen gas through a copper tube packed with the ortho-para conversion 12 catalyst FeO(OH) immersed in liquid nitrogen (77 K) as explained in Ref. 39 . It is well-known that the pairwise addition of both hydrogens of one parahydrogen molecule to magnetically inequivalent positions in a substrate molecule results in significantly enhanced NMR signals via parahydrogen-induced polarization (PHIP) effect, if the correlation of nuclear spins is preserved. [57] [58] [59] The effect has been observed in both homogeneous and heterogeneous hydrogenations over supported metal catalysts. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] It has been shown in the literature that the pairwise addition selectivity is strongly dependent on the size of Pt metal nanoparticles and the type of the support, with smaller nanoparticles (< 1 nm) [61] and TiO 2 support providing strongest PHIP effect [65] . Powder-like catalysts prepared by impregnation method were used in those studies. Herein, some of our microreactors had quite similar properties of the catalyst, i.e.
small Pt nanoparticle size and TiO 2 as a support layer, but the method of preparation was very different (ALD). At the same time, some of the microreactors provided a significant activity, for instance, ALD TiO 2 support with 20 cycles of Pt. In the experiments with parahydrogen, however, no PHIP was observed from any examined microreactors, implying that the pairwise addition selectivity was negligible. The reasons for this are not well-understood, but we stress the differences in preparation procedure of the nanoparticles and the support layer. One can expect different Pt surface defects formed by ALD and the impregnation method, and a different distribution of Pt crystal faces as well. In turn, this can be crucial for observation of the enhanced NMR signals as properties of Pt surface play a key role for PHIP observation. [65] Moreover, the influence of Pt support via metal-support interactions may be also very different, because in this study we did not use any reductive treatment with H 2 , as it was not needed with ALD. As a common, metal-support interactions are revealed after the reductive treatment. Thus, in addition to significantly different Pt surface we may have no beneficial effect stem from TiO 2 support as well. In other words, the alteration of the preparation procedure may significantly diminish the concentration of catalytically active sites responsible for the pairwise addition, leading to the absence of PHIP. We believe, however, that further development of ALD method for catalysts deposition and microreactor technology will provide a better understanding of the problem. Another issue that may have an effect on the PHIP observation is the relatively low temperatures used in the experiments. The current chip construction does not allow rising the temperature. Meanwhile, the activation energies for pairwise and non-pairwise additions may be different, with higher values for the former one. The influence of temperature is, however, not very clear. For instance, no significant temperature influence on PHIP amplitude was observed for propyne hydrogenation over Pd nanoparticles, [70] whereas there are conference contributions describing that the temperature has a significant influence on propene 13 hydrogenation over Pt/TiO 2 and Ir/TiO 2 . [71] The temperature issue certainly should be addressed in the context of ALD microreactors when the construction will be modified to allow high temperature studies.
Conclusions
This is, to the best of our knowledge, the first report of the fabrication and use of a metallic catalyst nanoparticles directly deposited into a microreactor by ALD. We have demonstrated that ALD can be used to deposit metal catalysts enabling high conversion rates. ALD of metals is more challenging than that of oxides, but they display the full benefits of ALD such as conformal deposition. ALD catalysts can be deposited in porous and highly 3D-channels, increasing solid-fluid interface significantly. Thermal ALD methods are easier to apply, but plasma-enhanced processes can be applied when extreme channel aspect ratios are not present. Plasma-enhanced deposition has been shown to work well for noble metals.
Platinum was our first choice for catalyst, but ALD can be used to deposit various other noble metals also.
Deposition of bimetallic particles allows even more degrees of freedom into catalyst design. Plethora of different oxides can also be deposited to act as support or active catalyst and the properties of these can be altered further by doping with different metals.
Wall-coated microreactors enable easy implementation of various schemes developed for catalyst design by ALD. Applying these methods may allow stabilization of catalysts against deactivation and provide enhanced activity and selectivity required for efficient operation.
We have observed differences in the poisoning and reactivation of Pt nanoparticles on TiO 2 versus Pt nanoparticles on Piranha treated silicon surface or continuous 100 nm thick sputtered Pt film. This needs to be studied further to understand the differences in these systems. A simple experiment would entail replacing the laminating foil with more temperature tolerant materials and using higher temperatures for catalyst reactivation.
Experimental Section Microreactor fabrication
Microreactor channels were fabricated on silicon wafers using standard silicon microfabrication techniques followed by capping the channels with a laminating foil. Detailed description of the fabrication can be found in Supporting Information. [72, 73] was used to process images and calculate particle sizes. Image processing steps are shown in Supporting Information.
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Catalyst preparation
NMR characterization
1
H NMR spectra were measured with Bruker Avance III 300 spectrometer and RD NMR TOF images with Bruker DSX 300 spectrometer. Both spectrometers operate at 300 MHz proton resonance frequency. The same double-probe system was used in both spectrometers. Spatial encoding was carried out with a Bruker Micro 2.5 imaging probe, using an RF insert with a bird cage coil (inner diameter 25 mm and height 35 mm). The microfluidic reactors were centered inside the encoding coil with the help of a home-built chip holder made of Teflon (see Figure 1) . A home-built detection probe was pushed inside the hollow interior of the imaging probe. The detection microsolenoid was wound around the 360 µm outlet capillary out of 120 µm thick copper wire. The length of the coil was 3 mm and it consisted of 18 loops. The coil was positioned ca. 10 mm below the lowest point of the encoding coil. Further details about RD NMR experiments can be found from Supporting Information.
Before the NMR experiments, propene and hydrogen gas were premixed in 1:3 ratio in a 1 L cylinder. The total absolute pressure of the mixture was about 5.7 bar. The mixture was allowed to settle for 20 to 15 30 min prior to the experiments. Then the gas mixture was released to flow through the microfluidic reactor to perform a continuous flow propene hydrogenation. The gas flow rate was controlled by a valve at the end of the flow system. The pressure in the microfluidic flow system was kept approximately equal to the pressure inside the gas cylinder. The hydrogenation reaction was performed either at room temperature or at slightly elevated temperature of about 50 °C, using a home-built air heating system. To ease the handling of the chips, they were glued on the top of a 1.4 mm glass plate before the NMR experiments in order to prevent the breakage of the chips.
The experimental conditions for Piranha treated chips with 50 cycles of Pt were slightly different:
propene:H 2 ratio was 2:3 and the total absolute pressure was 7.5 bar.
In order to visualize mass transport, RD TOF NMR images of pure propene (4.3 bar) flowing through the reactor were measured as well.
